Background and aims: Substance P (SP) release from sensory nerves induces neurogenic inflammation. Neutral endopeptidase (NEP) degrades SP, thereby limiting its proinflammatory effects. Intestinal inflammation following Trichinella spiralis infection markedly downregulates NEP, resulting in diminished SP degradation, with unknown functional consequences. We hypothesised that diminished expression of NEP would exacerbate T spiralis induced enteritis. Methods: NEP knockout (NEP2/2) and wild-type (NEP+/+) mice were infected with T spiralis and studied at 6, 12, 24, and 48 hours post infection (PI). Tissue inflammation was quantified by computerised cell counting and myeloperoxidase activity (MPO). The leucocyte adhesion molecule, intercellular adhesion molecule 1 (ICAM-1), and SP were assessed by immunohistochemistry. Results: Before infection, the lack of NEP was not associated with changes in mucosal cellularity or MPO activity. Twelve hours PI, NEP2/2 mice showed a 2.5-fold increase in MPO activity at a time when values in NEP+/+ mice were still within normal limits. MPO activity and cellularity peaked at 24 hours PI. This was accompanied by increased staining for both ICAM-1 and SP in NEP2/2 mice. Infusion of rhNEP to NEP2/2 mice significantly reduced MPO activity 24 hours PI.
T he tachykinin substance P (SP) is a neuropeptide contained in extrinsic (sensory) and intrinsic (enteric) neurones innervating the gastrointestinal tract. 1 SP contained in sensory nerves has a dual afferent and efferent function. Its release in the dorsal horn of the spinal cord is crucial for transmission of sensory information from the gut to the central nervous system while its antidromic release regulates several gut functions, including motility, secretion/ absorption, and blood flow. Moreover, SP has many proinflammatory effects and abundant evidence indicates that its uncontrolled release within intestinal tissues promotes a sequence of events referred to as ''neurogenic inflammation'', which is characterised by arteriolar vasodilation and extravasation of plasma proteins and neutrophils from post capillary venules. 2 SP is increased in the inflamed colon of patients with ulcerative colitis, 3 pouchitis, 4 in the jejunum of Trichinella spiralis infected rats, 5 and in other animal models of intestinal inflammation. 6 7 Many aspects of neurogenic inflammation are mediated by the interaction of SP with its preferred receptor neurokinin 1 (NK1). In the intestine of patients with inflammatory bowel disease, NK1 receptors are markedly upregulated. 8 9 Furthermore, NK1 inactivation, either by pharmacological antagonism or genetic deletion, markedly reduces intestinal inflammation in animal models. 10 11 Neurogenic inflammation is terminated by the cell surface enzyme neutral endopeptidase (NEP, EC 3.4.24.11) which degrades SP in the extracellular fluid, thereby terminating its proinflammatory effects. [12] [13] [14] [15] [16] Little is known of the regulation of NEP expression. Downregulation of NEP would be expected to reduce degradation of SP and other proinflammatory peptides, such as bradykinin (BK), and thereby exacerbate neurogenic inflammation. Consistent with this possibility, we have shown that deletion of NEP markedly enhances colonic inflammation induced by intrarectal instillation of dinitrobenzene sulphonic acid. 6 We have previously reported that NEP is markedly downregulated in intestinal mucosa and musculature of rats infected with T spiralis, resulting in a sixfold reduction in the rate of SP degradation. 17 These observation raise the possibility that downregulation of NEP in the inflamed intestine could amplify neurogenic inflammation.
Adhesion of leucocytes to endothelial cells and their infiltration into tissues is one of the most critical early events of inflammation. 18 19 Leucocyte migration is primarily mediated by the interaction between intercellular adhesion molecule 1 (ICAM)-1 expressed on the endothelium with its ligands b 2 integrins (CD11a/CD18 and CD11b/CD18) expressed by leucocytes. 20 21 ICAM-1 expression on endothelial cells has been implicated in the early recruitment of leucocytes following intestinal ischaemia and reperfusion, 22 as well as surgical manipulation. 23 SP interacts with the NK1 receptor to initiate ICAM-1 expression and leucocyte infiltration, 24 but the role of NEP in terminating this process is not fully defined. The purpose of the present investigation was to evaluate the role of NEP in regulating the early stages of intestinal inflammation, in particular expression of ICAM-1. To do this, we compared wild-type (NEP+/+) and knockout (NEP2/2) mice. Our aims were to: (1) determine the contribution of NEP to degradation of SP and BK in the intestine; (2) examine whether deletion of NEP results in spontaneous intestinal inflammation; and (3) determine whether deletion of NEP amplifies the initiating events of neurogenic inflammation of the intestine in animals infected with T spiralis.
MATERIALS AND METHODS

Animals
NEP2/2 mice back crossed to the C57Bl/6 background were generated as previously described. 25 Wild-type littermates and C57Bl/6 mice (Taconic Farms Germantown, New York, USA) of the same background as the NEP2/2 mice were used interchangeably as controls. Mice were maintained in a specific pathogen free facility, under controlled ambient temperature and light-dark cycle (14:10 hours), and males and females aged 10-20 weeks were used. All experimental procedures were in accordance with guidelines drafted by the institutional university animal care committees.
Degradation of SP and BK
An extensively washed membrane fraction was prepared from the entire small intestines of three NEP+/+ and three NEP2/2 mice. 17 Membranes (1 mg protein) were incubated with SP or BK (5 nmol) in 200 ml of 50 mM Tris-HCl, pH 7.4, for 0-120 minutes (found to be optimal in preliminary experiments) at 37˚C. Membranes were omitted from controls. When used, 1 mM thiorphan was preincubated with membranes for 10 minutes before addition of substrate. After incubation, samples were boiled for five minutes, centrifuged (14 000 g, five minutes), and the supernatant was acidified with two volumes of 0.5% trifluoroacetic acid in water. Samples were analysed by reversed phase high pressure liquid chromatography.
Extravasation of Evans blue
Mice were anaesthetised with xylazine (10 mg/kg intramuscularly) and ketamine (100 mg/kg intramuscularly). Evans blue (30 mg/kg) in 0.9% saline was injected into a femoral vein. SP (1 nmol/kg intravenously), BK (1 nmol/kg intravenously), or saline (basal conditions) was injected two minutes after Evans blue. When used, thiorphan (2.5 mg/ kg intravenously), phosphoramidon (2.5 mg/kg intravenously), or SR 140333 (1 mmol/kg intravenously) was injected five minutes before Evans blue. HOE 140 (0.1 nmol/kg intravenously) was injected 15 minutes before and recombinant human NEP (rhNRP 3 mg/kg intravenously) 10 minutes before Evans blue. All drugs and recombinant NEP were dissolved in 0.9% saline, with the exception of SR 140333 which was dissolved in dimethyl sulphoxide (dimethyl sulphoxide had no effect on basal extravasation). Ten minutes after injection of Evans blue, mice were transcardially perfused with 70 ml of 100 mM phosphate buffered saline (PBS), pH 7.4, containing 100 units/ml heparin, and 200 ml of 4% paraformaldehyde in PBS. The jejunum was removed, rinsed in saline, gently blotted, and weighed. Half of each sample was dried at 60˚C for 48 hours, and half was placed in 1 ml formamide for 48 hours to extract Evans blue. Evans blue was quantified by measuring absorption at 620 nm, and absorption was compared with a standard curve.
Infection with T spiralis
Mice were infected by intragastric inoculation of 300-400 T spiralis larvae in 0.1 ml PBS. The larvae were obtained from infected CD1 mice, as previously described. 26 Histology and immunohistochemistry Full thickness samples of jejunum were rapidly dissected and processed for either haematoxylin-eosin histology or immunohistochemistry. For the latter, tissues were fixed by immersion in 4% paraformaldehyde in 0.1 M PBS for 6-8 hours at 4˚C and subsequently placed in 25% sucrose in 0.1 M PBS for cryoprotection until sectioning. Tissue specimens were cut with a cryostat at 10-12 mm, mounted onto chome-alum gelatin coated slides, and stored at 230˚C until processed for immunohistochemistry. Tissue sections were processed with the avidin-biotin-peroxidase complex method, as previously described. 27 28 Briefly, section were washed in 0.1 M PBS, pretreated for 30 minutes at room temperature with 10% normal goat serum, and incubated with a rabbit polyclonal antibody directed against the C terminal portion of the SP peptide (8701; working dilution 1:5000) 27 28 or with a rat monoclonal antibody recognising the mouse ICAM-1 molecule (R&D Systems Minneapolis, Minnesota, USA), overnight at 4˚C in a humid chamber. Sections were then washed in PBS and incubated for two hours at room temperature in affinity purified goat antirabbit or antirat biotinylated IgG (dilution 1:100) (Vector Laboratories, Burlingame, California, USA), followed by avidin-biotin-peroxidase solution for 30 minutes, and then exposed to 3,39-diaminobenzidine with 0.01% H 2 O 2 . Sections were finally dehydrated and coverslipped with mounting medium. To reduce non-specific staining due to endogenous peroxidase, tissue sections were first dehydrated, placed in 100% methanol, and then in a solution composed of 98% methanol, 1% acetic acid, and 1% sodium nitroferricyanide for 15 minutes, followed by 100% methanol, rehydrated, and then incubated with the primary antibody. Both primary and secondary antibodies were diluted in 0.5 % Triton-X-100 in 0.1 M PBS. Sections were analysed with a Leitz Dialux microscope using bright field optics. Specificity studies included: 27 28 (a) omission of the primary antibody; (b) substitution of the primary antibody with normal rabbit, mouse, or rat sera (dilution of 1:50), and (c) incubation with the primary antibody preadsorbed for 12-16 hours at 4˚C with synthetic homologous peptides (Bachem, Torrance, California, USA; R&D Systems) including SP, neurokinin A, neurokinin B, and ICAM-1 (10 mmol/l).
Mucosal and submucosal cell counts
Lamina propria and submucosal cells were quantified on haematoxylin-eosin cross sections with a Leitz Dialux microscope (625 objective) by two operators (GB and CC) in a blinded fashion using a computer assisted analysis system (Cytometrica software; C&V, Bologna, Italy). All measurements were performed using a modification of previously published methods. [29] [30] [31] Briefly, the fields in which the plane of the section was well oriented, with crypts and villi perpendicular to the muscularis propria, were digitised and randomly sampled with the aid of a grid (0.5 mm 2 ) located below the slide. A stereological grid with cross shaped points was overlaid to the digitised sampled fields by computer software and used to determine the relative area of cellular nuclei located within the lamina propria and the submucosa. To obtain the relative area occupied by cell nuclei in the microscopic field, the number of points hitting cell nuclei was divided by the total number of points in the frame.
Myeloperoxidase activity
Samples of jejunum (50-100 mg) were obtained for assessment of myeloperoxidase (MPO), snap frozen in liquid nitrogen, and assayed within seven days using a previously described method. 32 MPO was expressed as U/mg of tissue where 1 U corresponds to the activity of enzyme required to degrade 1 mmol of hydrogen peroxide in one minute at 24˚C. MPO is a granule associated enzyme primarily contained in neutrophils and other cells of myeloid origin and is widely used as a marker of intestinal inflammation. (control, 3 mg/kg/day) were dissolved in saline and infused subcutaneously from osmotic minipumps implanted beneath the back skin under Enfluorane anaesthesia, 24 hours before T spiralis infection up to sacrifice.
Data expression and statistical analysis
Results are expressed as mean (SEM) (n.4 mice per group). For mucosal cellularity, results are expressed as relative area (%) occupied by cellular nuclei in the lamina propria and submucosa. Statistical significance was determined at p,0.05 using the Student's t test for comparison of two means or one way analysis of variance for comparison of more than two means, followed by post hoc tests using Bonferroni's correction.
RESULTS
Degradation of SP and BK
We compared degradation of SP and BK by membranes prepared from the intestine of NEP+/+ and NEP2/2 mice to determine the importance of NEP in peptide degradation. 
(11)
(6) (6) Membranes prepared from the small intestine of NEP+/+ mice rapidly degraded SP and BK ( fig 1A, B) . The NEP inhibitor thiorphan reduced degradation of SP by 43% and BK by 70% (determined after 120 minute incubation period of peptides with membranes) (fig 1B) . Membranes from NEP2/2 mice degraded SP 43% more slowly and BK 33% more slowly than membranes from NEP+/+ mice (determined after 120 minute incubation period of peptides with membranes) (fig 1B) . These results show that NEP plays a major role in the degradation of SP and BK by membrane associated proteases in the intestine. The observation that peptide degradation is markedly diminished in NEP2/2 mice suggests that there is no compensatory upregulation of other proteases.
Plasma extravasation
We compared plasma extravasation in NEP+/+ and NEP2/2 mice under basal and stimulated conditions to determine if the absence of NEP resulted in spontaneous neurogenic inflammation. In NEP+/+ mice, SP and BK stimulated extravasation of Evans blue in the jejunum by .3-fold over basal (fig 2A) . The response to SP was abolished by the NK1 receptor antagonist SR140333 but unaffected by the B2R antagonist HOE140, indicating involvement of the NK1 receptor. The response to BK was abolished by HOE140, indicating that BK stimulates plasma extravasation by activating B2R. BK stimulated extravasation of Evans blue was also inhibited by SR140333, suggesting that the response is partially dependent on release of SP and activation of the NK1 receptor. Under basal conditions, extravasation of Evans blue in the jejunum of NEP2/2 mice was fourfold greater than in NEP+/+ mice (fig 2A, B) . The basal leak was so high that exogenous SP and BK failed to further stimulate plasma extravasation in NEP2/2 animals. This elevated basal extravasation was prevented by prior administration of rhNEP, and was markedly inhibited by administration of SR140333 or HOE140 ( fig 2B) . Conversely, administration of the NEP inhibitors phosphoramidon or thiorphan to NEP+/+ mice stimulated Evans blue extravasation to levels observed under basal conditions in NEP2/2 mice. Together, these results indicate that NEP deletion causes elevated plasma extravasation in the jejunum. This event is due to diminished degradation of SP and BK with consequent activation of NK1 receptor and B2R.
Mucosal and submucosal cell counts NEP deletion diminished SP and BK degradation resulting in spontaneous plasma extravasation. These findings raised the possibility that NEP2/2 mice would be highly sensitive to inflammatory stimuli. In the next experiments we examined this possibility by comparing T spiralis induced inflammation in NEP+/+ and NEP2/2 mice. Figure 6 Representative photomicrographs of jejunum showing substance P (SP) immunoreactivity in neuronal cell bodies and nerve processes before and after T spiralis infection. Under basal conditions, SP immunoreactive neural pattern and staining intensity was comparable in wild-type (NEP+/+) (A) and knockout (NEP2/2) (B) neutral endopeptidase mice. T spiralis infection (24 hours) evoked an increase in SP staining intensity in NEP+/+ mice (C). However, the increase in both SP density and staining intensity after infection in NEP2/2 mice (D) was markedly enhanced. Calibration bar 25 mm.
As shown in fig 3, before T spiralis infection, lamina propria and submucosal cellularity from NEP2/2 mice was not statistically different. After infection, NEP2/2 mice showed a significant increase in lamina propria and submucosal cellularity over non-infected NEP2/2 mice, which was detectable by 24 hours or 48 hours PI (p,0.05) at a time when the cellularity in NEP+/+ mice was not statistically different from controls. At 48 hours PI, lamina propria and submucosal cellularity in NEP2/2 mice was significantly increased over values obtained at the corresponding time points PI in NEP+/+ mice (p,0.05).
MPO activity
As shown in fig 4, before T spiralis infection, MPO activity in jejunal extracts from NEP+/+ and NEP2/2 mice was the same. In NEP+/+ mice, a significant increase in MPO activity over non-infected controls was detectable by 24 hours PI. In contrast, MPO activity in NEP2/2 mice increased as early as 12 hours PI. At 12, 24, and 48 hours PI, MPO activity in NEP2/2 was increased by about 2.5-fold over values obtained at the corresponding time points PI in NEP+/+ mice (p,0.01).
Prevention of intestinal inflammation by administration of rhNEP
To determine whether the increased MPO activity PI in NEP2/2 mice could be attenuated by exogenous administration of NEP, mice were treated with rhNEP 24 hours before and for 24 hours after T spiralis infection. As shown in fig 5, rhNEP significantly attenuated the increased MPO activity in NEP2/2 infected mice compared with NEP2/2 infected mice receiving BSA (control). rhNEP had no effect on MPO activity from NEP2/2 non-infected mice ( fig 5) .
Substance P and ICAM-1 immunoreactivity
As shown in fig 6, in non-infected NEP2/2 or NEP+/+ mice, SP immunolabelling was detected in varicose nerve endings targeting the different layers of the gut wall as well as in myenteric and submucosal ganglion cell bodies (fig 6A, B) . Before infection, the distribution pattern of SP immunoreactivity as well as its staining intensity in NEP2/2 was not different from that observed in NEP+/+ mice ( fig 6A, B) . At 24 hours PI, there was an increase in SP staining intensity in NEP+/+ mice ( fig 6C) . However, at the same time point PI, a much more evident increase in SP immunoreactive neural network and staining intensity was observed in NEP2/2 compared with NEP+/+ mice ( fig 6D) .
We next examined the effect of NEP deletion on ICAM-1 immunoreactivity in the intestine. Before infection, NEP+/+ mice showed a weak ICAM-1 immunoreactivity which was observed in the submucosal and mucosal layer ( fig 7A) . This ICAM-1 immunoreactive pattern showed a consistent increase in non-infected NEP2/2 mice ( fig 7B) . Following T spiralis infection (24 hours), there was no evident increase in ICAM-1 immunoreactivity in NEP+/+ mice ( fig 7C) . However, at the same time point PI, NEP2/2 showed a markedly enhanced ICAM-1 immunoreactivity both at the submucosa and mucosal levels ( fig 7D) .
DISCUSSION
In this study, we determined the role of NEP in the initial steps of intestinal inflammation caused by T spiralis infection. We correlated intestinal infiltration of leucocytes with expression of the proinflammatory neuropeptide SP, which is inactivated by NEP, and the adhesion molecule ICAM-1, which is required for leucocyte recruitment. Our results demonstrated that the lack of NEP was associated with an earlier onset and an increased magnitude of intestinal inflammation following T spiralis infection. These changes were accompanied by enhanced expression of SP and ICAM-1.
Our results showed that NEP deletion markedly diminished degradation of SP and BK in the intestine and caused spontaneous plasma extravasation in the jejunum that was a functional consequence of this diminished degradation. Our results are supported by previous studies in NEP2/2 mice demonstrating that under basal conditions these animals display increased extravasation of plasma in the duodenum 16 as well as in the colon 6 without evidence of overt inflammation at the tissue level. 6 In line with these results, we found comparable values for mucosal cell counts and MPO activity from the jejunum of non-infected NEP2/2 and NEP+/+ mice. Taken together, these results suggest that the lack of NEP is not sufficient to cause an overt spontaneous intestinal inflammation throughout the small and large intestine. Following T spiralis infection however we found that intestinal inflammatory infiltration was markedly increased in NEP2/2 mice compared with the gene bearing animals. This increased mucosal cellularity in NEP2/2 mice was paralleled by a significant 2.5-fold increase in MPO activity which reflected a marked granulocyte infiltration (that is, neutrophils and eosinophils) into the tissue. Exogenous administration of rhNEP to NEP2/2 infected mice markedly reduced MPO activity, thus confirming that the exaggerated post infectious inflammatory response observed in NEP2/2 mice was mediated by an NEP substrate. Our data demonstrated that, after infection, infiltrating leucocytes could be detected significantly earlier (12 hours) in NEP2/2 mice compared with the gene bearing mice (24 hours). These data suggest that NEP plays a crucial role in priming intestinal recruitment of leucocytes in the early stage of infection. In addition, these findings, taken in conjunction with our previous demonstration that NEP terminates colonic inflammation induced by dinitrobenzene sulphonic acid, 6 show that NEP acts throughout the small and large intestine to protect uncontrolled intestinal inflammation induced by different noxious stimuli.
Previous studies by this laboratory in the rat showed that T spiralis infection evokes a marked increase in SP immunoreactivity in the enteric neural network 5 and particularly in sensory afferent fibres projecting to the intestine. 34 Moreover, there is a marked downregulation of NEP and diminished degradation of SP in infected animals. 17 The results from the present study are in keeping with these previous data and also demonstrate that the lack of NEP further amplifies the increase in SP immunoreactivity in enteric nerves after T spiralis infection. It is likely that this increase in SP can be ascribed to a lack of degradation of this neuropeptide by NEP 12 13 but other mechanisms cannot be discarded. For example, excessive SP release from sensory nerves could be evoked by another peptide, namely BK, which is also degraded by NEP. 35 SP has a wide array of proinflammatory effects, including gap formation between endothelial cells of postcapillary venules to induce plasma protein extravasation, inflammatory cell recruitment, and degranulation of intestinal mast cells. 2 24 36 37 Our demonstration of increased MPO activity and mucosal cellularity in NEP2/2 infected mice suggests that SP is involved in the initiation of tissue leucocyte recruitment. 2 In keeping with this hypothesis, Castagliuolo and colleagues 7 demonstrated that application of Clostridium difficile toxin A to the rat intestinal lumen is accompanied by rapid SP mRNA expression and protein increase which occurs prior to changes in fluid secretion, mucosal permeability, and histological evidence of enteritis. Furthermore, pharmacological blockade of NK1 receptor markedly reduced colonic inflammation in dinitrobenzene sulphonic acid treated NEP2/2 mice. 6 The interaction between adhesion molecules expressed by endothelial cells with their ligands on circulating leucocytes have been recently shown to be of crucial importance in nematode induced intestinal inflammation and in the development of a Th2 type immune response. 38 39 In the present study we found that expression of the adhesion molecule ICAM-1 was markedly enhanced in NEP2/2 mice after T spiralis infection. This increase may explain the exaggerated leucocyte intestinal infiltration in NEP2/2 mice after infection. Although the mechanisms underlying increased ICAM-1 expression are unknown, it is likely that SP plays an important role. In fact, previous studies have demonstrated that SP evokes ICAM-1 expression via NK1 activation on endothelial cells which contributes to leucocyte recruitment and tissue injury. 24 40 In conclusion, this study showed for the first time that NEP plays a pivotal role in the downregulation of the onset of intestinal inflammation evoked by T spiralis infection. An increased bioavailability of SP and overexpression of the adhesion molecule ICAM-1 may be involved in the increased inflammatory response observed in NEP2/2 mice. We postulate that neurogenic mechanisms involving the early release of SP play a pivotal role in the initiation of intestinal inflammation in this model.
